Introduction

Previous Criticism of the 100F WG Evaluation of Benzene Exposure
Health agencies and institutions utilize International Agency for Research on Cancer (IARC) monographs because they are said to represent authoritative cancer evaluations and scientific references. 1 The Volume 100F Monograph, which was published in 2012, reports the evaluations of benzene and more than two dozen other agents performed by the IARC Working Group (WG) that met in Lyon, France from 20 to 27 October 2009. The 100F WG was criticized in a published commentary (''Infante'') for its incomplete review of benzene exposure literature and for failing to evaluate occupational exposures arising from benzene-containing solvents, paints, and other mixtures. 2 Infante recommended a future WG meeting dedicated solely to benzene. He also recommended that the makeup of any new WG should include individuals ''with particular experience in benzene exposures.'' IARC agreed with the eight Infante recommendations in its published response which was co-authored by the current Head of IARC Monographs (''Straif''). 3 In 2015, Straif confirmed that the 100F exposure section was ''condensed'' to ''contain costs'' stating, ''the section on exposure (Section 1) is not intended to exhaustively review the existing literature as is done in the other sections.'' 4 That position is inconsistent with IARC and U.S. National Cancer Institute (NCI) requirements for all monograph sections (including exposure) to reflect critical and comprehensive reviews of the pertinent scientific literature.
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Influence of Industry Articles in the Evaluation of Occupational Exposure
Research articles funded by industry sponsors (''industry articles'') are sometimes inaccurate and misleading 6, 7 -a fact the WG should have been aware of. As explained below, these articles often employ circular science by referencing other industry-sponsored articles in order to buttress the credibility of their results and positions. In relying extensively on several articles tied to industry interests, the WG did not heed an IARC admonition to establish the integrity of sponsored research articles before referencing them in monographs. 8 One of the industry articles the WG cited refers to ''thousands of trace benzene lawsuits'' (without explaining the analytical testing threshold above which the benzene concentration in a product exceeds ''trace'') and reports the benzene content of petrochemicals based solely upon unpublished ''recent manufacturer MSDS [material safety data sheets].'' 9 IARC also warns that monographs should not include tables taken directly from sources other than earlier monographs because they may reflect the ''perspective of the sponsor.'' 8 As discussed below in the section, ''Influence of Articles Tied to Industry Interests,'' the WG disregarded this admonition by including in the occupational exposure section (OES) two tables and one figure exactly as they appear in industry articles. In an example of circular science, exposure simulation results from two litigation-driven articles are embedded in one of the tables.
WG Did Not Consider Group 3 Benzene-Containing Mixtures
The vast majority of benzene exposures in workplaces arise from solvents containing VM&P (Varnish Makers and Painter) naphtha, toluene, mixed hexanes, and other benzene-containing petrochemical mixtures that are Group 3 carcinogens (not classifiable as to their carcinogenicity to humans). The Occupational Safety and Health Administration (OSHA) presumes that untested petrochemical mixtures containing less than 0.1 percent benzene represent carcinogenic hazards if benzene exposures arising from their use could exceed applicable OSHA or American Conference of Governmental Industrial Hygienists (ACGIH) full-shift or short-term limits 10 -which are foreseeable events. 11 The California Office of Environmental Health Hazard Evaluation (OEHHA) considers benzene a carcinogen whether present as a single chemical or as part of a mixture. In their published response to the Infante commentary, Straif et al. wrote, ''Suffice it to say that there continues to be consensus that benzene is carcinogenic to humans and that it is a known cause of human leukemia.'' 3 The 100F Monograph does not indicate that benzene is no longer a Group 1 carcinogen when present in a Group 3 agent. Unfortunately, the 100F WG neglected to address the carcinogenicity of benzene in Group 3 mixtures, and the Head of IARC Monographs declined to do so as well. 12 Hopefully this topic will be taken up at the WG meeting in October 2017.
Communications With IARC and NCI
Under its cooperative agreement (''U01'') 1, 13, 14 with IARC, NCI is required to have ''substantial involvement'' in the monographs program. 1 For instance, NCI was supposed to provide assistance to IARC in preparing the exposure data sections of the 100F Monograph.
14 The U01 agreement requires IARC to ensure the scientific accuracy and clarity of each monograph. Straif responded via three emails to written concerns relating to this requirement. 4, 12, 15 Through its Division of Cancer Biology (DCB) 16 and Office of Communications and Public Liaison, 17 respectively, NCI wrote it ''does not intervene in scientific disagreements between the IARC Monograph Program and the scientific community,'' and ''it is not the role of the NCI to intervene or attempt to negotiate the differences of scientific opinion generated through the peer-review process that forms the content of the Monograph.'' The responsible DCB program director informed a U.S. congressman that errors brought to the attention of IARC could only be corrected in future volumes. 16 This same point was made in an one-hour telephone conference with the DCB program manager and his supervisor, in which they suggested a published commentary might be the most effective way to communicate concerns to IARC about the section of the 100F Monograph under consideration. 18 Hopefully, through its technical stewardship role, NCI will help to bring about needed corrections in the benzene exposure section at the upcoming WG meeting. Interested parties may request from this author copies of IARC, NCI, WG, and Freedom of Information Act (FOIA) correspondence.
Influence of Articles Tied to Industry Interests
Information bias is a ''systemic problem'' involving the misclassification of exposure estimates. 7 The WG communicated information bias in the OES by way of its extensive referencing of three articles tied to industry interests, ' ' 21 The WG also relied on two other industry articles whose sponsors were acknowledged to have an interest in benzene litigation. 22, 23 Benzene Exposure in Workplaces Around the World IARC acknowledges that a wide range of potential exposure exists geographically and observes ''working conditions may vary greatly from one country to another.'' 24 Millions of workers are regularly exposed to benzene. 25 For instance, approximately 1.4 million workers experienced benzene exposure in the European Union from 1990 to 1993-with 470 thousand benzene-exposed workers in Germany alone. 26 Between 1981 and 1983, an estimated two million U.S. workers (not counting military personnel) were exposed to Stoddard solvent. 27 In 2005, the American Public Health Association reported that approximately three million workers in the United States are exposed to benzene along with ''unaccounted for others'' in industrializing economies. 28 The American Public Health Association identified adhesives, auto repair, chemical, gas station, paint, petroleum, rubber, shoe/leather, and shipping as examples of industries in which occupational exposures to benzene occur.
Inaccurate and Misleading Exposure Conclusions
It is expected that monographs will include the range of past and present human exposure, the sources of exposure, and the factors contributing to exposure. 29 Based upon inferences drawn from Table 1 .2 (taken directly from Williams 1), the WG incorrectly concluded ''potential occupational exposures to benzene'' have been below 1 part per million (ppm)-with most below 0.1 ppm-since the early 1980s. That conclusion (pertaining only to the United States) is implausible in light of an OSHA determination that, for products containing less than 0.1 percent benzene, engineering and administrative controls are needed for confidence that eight-hour time weighted average exposures will be less than 1 ppm.
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Without effective engineering and administrative controls, potential full-shift and short-term exposures may easily exceed 1 ppm, which is 1000 percent higher than the WG conclusion. Published articles [31] [32] [33] (including one referenced in OES Table 1 
Exposure Limits Are Not Cited
Because benzene exposures have the potential to exceed occupational exposure limits 11, 22, 30 -which monographs are supposed to identify and discuss, 29 the WG should have communicated short-term and full-shift benzene exposure limits in the United States, Germany, the United Kingdom, and in other countries.
No Discussion About Factors Contributing to Benzene Exposures
As noted, WGs are supposed to report on factors known to contribute to exposures. 29 This requirement is especially important because occupational exposures to benzene are known to occur under widely different conditions 31, 33, [36] [37] [38] [39] [40] with exposures from the same job varying significantly in different facilities-and even in the same facility. 41 The WG was remiss in not reporting the many factors contributing to benzene exposure, including (a) time using a benzene-containing product, (b) product benzene content, (c) air and solvent temperatures, (d) specifics of engineering and administrative controls, and (e) pattern of product usage (e.g., volume used, application method, and distance between evaporating product and breathing zone).
Flaws in Table 1 .2 in Monograph 100F (Benzene) Table 1 .2 is not an objective yardstick of potential benzene exposure in the United States-or anywhere else. It was constructed from just 22 handpicked exposure settings-two of which were litigation-related simulations that involved solvents containing less than 10-ppm benzene. 22, 23 The benzene content of products associated with Table 1 .2 (such as honing oils, Jet Fuel A, and unidentified solvents containing less than eight ppm benzene) was so low that it should not come as a surprise that approximately one third of the tabulated airborne benzene measurements are of the same order of magnitude as urban background levels. In short, Table 1 .2 is not representative of the thousands of workplaces where millions of workers are routinely exposed to benzene from regular mineral spirits, lacquer thinners, and other commonly encountered products containing far more benzene than products associated with the table.
It turns out that Table 1 .2 has additional flaws that should have given the WG pause. First, measurements cannot be understood in their proper context because no associated exposure factors (e.g., temperature, ventilation) are provided. Second, the amount of time exposed persons spent performing tasks with a benzene-containing product within the specified long-term sampling periods was not provided. It could have been fifteen minutes out of six hours or-as in the case of area sample measurements at the referenced District of Columbia bus depot, just ''several minutes'' out of a 409-minute sampling period. 42 Third, National Institute of Occupational Safety and Health (NIOSH) Health Hazard Evaluation (HHE) reports comprise more than half of all table references. It is unwise to extrapolate exposure data reported in an HHE to another workplace, unless there are known similarities between the two workplaces in types and patterns of product(s) used (including benzene content), ventilation, and other conditions of exposure. Fourth, short-term and peak exposures are excluded from the table. Fifth, measurements derived from area samples comprise approximately a third of the table. Because a personal sampler is much closer to the point of benzene emission than where an area-sampling device is placed, especially while a manual task is being performed, benzene exposure levels assessed via area sampling should not be considered representative of benzene exposure levels in a worker's breathing zone.
Short-Term and Task-Based Exposures
Straif has written that health risks posed by a toxic chemical depend on exposure to that chemical and its hazards. 5, 43 It is well known that short-term and intermittent benzene exposures may be more hazardous than equivalent continuous exposures, 31 and may be orders of magnitude higher than full-shift average exposures. 31, 32, 34, 44 For instance, Caldwell 32 reports occupational exposures averaging 53 ppm over fifteen-minute sampling periods, and as high as 238 ppm. Verma 2000, 34 Williams 2, 19 and Verma 2001 31 all report short-term exposures in the petrochemical industry that are far higher than presented by the WG. According to Williams 2, ''The short-term data are of interest because they illustrate how a worker's daily exposures are driven primarily by short-term (peak) exposure events.'' Despite these compelling facts, aside from including but a few short-term exposure measurements in Table 1 .3, the WG focused primarily on long-term personal exposures and measurements arising from area samples. Short-term exposures should be considered at the upcoming WG meeting.
Benzene Content of Petrochemicals
If all other exposure factors are equivalent in a given workplace environment, the magnitude of any benzene exposure is proportional to the concentration of benzene in the underlying product. 11, 22, [45] [46] [47] [48] In other words, doubling the benzene content in a product doubles average benzene exposure, a ten-fold increase in benzene concentration results in a ten-fold increase in average exposure, and so forth. Obviously, anticipating and controlling benzene exposures requires an accurate understanding of the composition of a benzene-containing product. To this point, all monographs are supposed to present available information on ''composition and impurities'' of agents containing the carcinogen being investigated. 29 Rather than doing so, the WG directed OES readers to Williams 1, 9 which provides tabulated benzene contents of petrochemicals that the WG incorrectly maintained are based upon ''published literature.'' It turns out that the Williams 1 benzene contents are based on unpublished ''recent manufacturer MSDS.'' The WG should have known that MSDSs are not peer reviewed and are widely known to communicate serious inaccuracies. [49] [50] [51] [52] In a topical example, an article referenced in IARC Monograph 98 reports high exposure to benzene while pointing out that benzene is not even listed in the technical sheets of the product causing benzene exposures. 33 It should be mentioned that many of the tabulated benzene contents in the article to which monograph readers are directed are below the detection limits of available peer-reviewed analytical testing methods (e.g., those issued by ASTM International).
Example of WG Errors in Its Reporting of Benzene Content of Petrochemicals
A widely referenced API-sponsored study (''Carpenter'') published in 1975 reports Stoddard solvent (mineral spirits-ASTM Type 1 Regular 53 ) typically contains more than 1000 ppm benzene (w/w). 54 Since the process for manufacturing Stoddard solvent is unchanged since the 1970s, 39 the expectation is that the benzene content of Stoddard solvent has remained relatively the same for at least four decades. 23, 39 In fact, numerous published sources-including IARC 55 and the Williams 1 authors 56 -rely on the 1975 Carpenter article in reporting that Stoddard solvent typically contains more than 1000 ppm w/w benzene. 23, 48, [57] [58] [59] [60] Two other references report Stoddard solvent may contain as much as 1 percent (10,000 ppm) benzene. 27, 61 In contrast, the Williams 1 article to which monograph readers are directed asserts the benzene content of Stoddard solvent is below 10 ppm (less than 1 percent of the value reported in published sources). In a second example, according to the Williams 1 article, the benzene content of 140 F minimum flash mineral spirits is 0.5 ppm (based on an undisclosed MSDS), which happens to be two-fold less than the detection limit of the most capable published benzene analytical test issued by ASTM 62 as well as more than a thousand-fold less than reported for the same product in another Carpenter article sponsored by API. 63 
Flaws in Referencing Cited Articles
The WG inaccurately referenced articles it cited in the OES, resulting in unreliable and sometimes misleading statements and conclusions about potential levels of occupational benzene exposure.
Williams 2
Based upon its analysis of exposure Table II 
Liang
The Liang article 20 reports on ''Benzene Exposure Data by Industry in China.'' Its authors discuss at least six ''limitations associated with the published information and the [Liang] analyses.'' In addition to disregarding the Liang limitations in their evaluation, the WG incorrectly referred to airborne measurements as short-term exposures. That characterization is both inaccurate and misleading because the article itself discloses the vast majority of measurements are from area samples that ''might not directly reflect worker exposures.''
van Wijngaarden and Nordlinger and Ramnas
The WG overlooked at least five significant limitations specifically identified in van Wijngaarden 37 and did not report two key findings in Nordlinger and Ramnas 44 that echo important points discussed in this Commentary: (a) ''short-term [exposure] sampling is important because high exposure jobs of short duration make considerable contributions to the average exposure during the day'' and (b) low benzene content in products can cause high exposure under conditions such as poor ventilation and elevated temperature.
Capleton and Levy
Citing the Scientific Committee of Occupational Exposure Groups (formerly Scientific Expert Group, or SEG), the Capleton and Levy 64 article reports that approximately 90 percent (referred to in the article as ''most'') of eight-hour average benzene exposures were below 1 ppm in recent decades (ten-fold higher than the WG conclusion that most potential benzene exposures were below 0.1 ppm from 1981 to 2006). 
Excluded Exposures From a Referenced Article
In Table 1 .2, the WG included benzene exposures from JP-8 (refer to the fourth, fifth, and sixth rows of Table 1 .2 under ''Jet Fuel-Aircraft maintenance'') while omitting hundreds-fold higher benzene exposures from JP-4 reported in Table 2 of the same referenced article. 65 Puhola et al. discussed a limitation of the air sampling results considered in the article: ''A relatively low level of work activity was noted at the time of sampling, making it impossible to extrapolate from these data exposures that may occur during moderate to heavy work loads.''
Flawed Historical Trend Analysis
Based upon what appears to have been a qualitative assessment of OES Figure 1 .1, which was taken directly from Liang, 20 the WG concluded, ''Levels of short-term exposure to benzene . . . showed generally a downward trend over time.'' (Emphasis added) That conclusion is invalid and misleading for at least two reasons. First, Liang states clearly that the vast majority of the data are area measurements not representing personal exposures (i.e., ''personal measurements were quite rare''). Second, Liang itself cautions the data used for trend analyses are ''averages that do not give insight into the range and variability of the concentrations in industries covered.'' Hypothetically, assuming the Liang area measurements were actually personal exposures (they are not), then OES Figure 1 .1 may be interpreted in a number of ways, with each interpretation providing a different conclusion about exposure trend. For instance, if one disregards the 1982 outlier (the median of only 1 percent of the measurement sets analyzed by Liang), then the modified graph, which would incorporate the overwhelming majority of all measurement sets, indicates no definitive exposure trend from 1979 to 2001. Moreover, if the WG had performed a more recent analysis of the same graph, say from 1998 to 2001, the clear conclusion would be there was a significant upward trend in airborne benzene levels during that period. This very observation was made in Liang-but somehow overlooked by the WG.
Conclusions
An IARC WG meeting dedicated solely to benzene is scheduled for October 2017. Hopefully, the new WG will consider this commentary and recommendations made by Infante 2 in writing a balanced and accurate section on occupational exposure. In particular, it is recommended that the new WG should (1) avoid subjective characterizations of benzene exposures (e.g., typical; mostly below), (2) emphasize that occupational exposures depend on many environmental and workplace specific factors, (3) explain that, depending on those factors as well as levels of engineering and administrative controls in place, exposures at any given workplace may be much higher or much lower than occupational exposure limits, (4) present a balanced and accurate discussion of the benzene content of widely used products, (5) evaluate exposures from benzene-containing mixtures, (6) explain that care should be exercised before extrapolating published exposures to other workplaces, and (7) avoid reliance upon industry articles known to be used in litigation.
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